Abstract: Structural tuning and self-association of (arylimido)vanadium(V) compounds are demonstrated to be controlled through π-conjugation by the para-substituents of the aryl moieties.
INTRODUCTION
The imido ligand coordinates through a metal-nitrogen multiple bond [1] , in which the imido ligand can serve as an ancillary ligand. The imido ligand is known to be a particularly suitable ligand for stabilization of transition-metal complexes in high oxidation states through extensive ligand-to-metal π-donation [2] . (Imido)vanadium(V) complexes have attracted much attention [3, 4] because of the potential application as a catalyst for olefin polymerization [5] , C-H activation [6] , and others [7] . (Imido)vanadium(V) complexes with alkoxide ligands are known to dimerize through μ-oxo-bridging in the crystal structures [3e,m] . On the other hand, only few examples for the preparation of μ-imido-bridged vanadium(IV) complexes, cyclodivanadazenes, from (imido)vanadium(V) complexes have been reported [4a,d-f] although the imido nitrogen is considered to participate in the coordination to another metal center. Introduction of a substituent onto the imido ligands is expected to influence the steric structures and electronic properties of a vanadium center. In such a sense, design of the imido ligands is envisioned to be one of the key factors in the development of efficient catalysts and architectural control of metaldirected assembly. The substituent effect of the imido ligands has been reported only spectroscopically and theoretically [3e] . The systematic correlation between the imido structures and properties is to be investigated. In this paper, we summarize our ongoing research on structural tuning and self-association of (arylimido)vanadium(V) compounds [8] .
SYNTHESIS AND STRUCTURAL TUNING OF (ARYLIMIDO)VANADIUM(V) COMPOUNDS
The reaction of VO(O i Pr) 3 with various para-substituted aryl isocyanates without solvent at 140°C is performed to afford the corresponding (arylimido)vanadium(V) triisopropoxides, H 4 N)V(O i Pr) 3 ] (1a: R = NMe 2 , 88 %; 2a: R = OMe, 87 %; 3a: R = H, 72 %; 4a: R = Br, 84 %). By using this synthetic approach, (arylimido)vanadium(V) triisopropoxides are found to be obtained with ease in good yields. The (arylimido)vanadium(V) triisopropoxides bearing the electronwithdrawing para-substituents are not always obtained in good yields by general methods using a solvent. In the 1 H NMR spectra of the (arylimido)vanadium(V) triisopropoxides, the aryl protons exhibit down-field shift as compared with the corresponding anilines, probably due to the electron-withdrawing nature of the imido bonds (1a: 7. 12 and 6.47 ppm, N,N-dimethyl-p-phenylenediamine: 6.66-6.59 ppm; 2a: 7.15 and 6.72 ppm, p-anisidine: 6.71 and 6.62 ppm; 3a: 7.24, 7.17, and 7.05 ppm, aniline: 7.13, 6 .73, and 6.67 ppm; 4a: 7.36 and 7.04 ppm, p-bromoaniline: 7.21 and 6.57 ppm). To clarify the substituent effect on the electronic environment of the vanadium species, triethanolamine is used as a basal ligand to prevent the dimerization [9] . The ligand exchange reaction with triethanolamine in CH 2 Cl 2 at room temperature affords the corresponding (arylimido)vanadium(V) triethanolaminates, H 4 N)V(TEA)] (1b: R = NMe 2 , 2b: R = OMe, 3b: R = H, 4b: R = Br, 1).
In the 51 V NMR spectra of d 0 diamagnetic vanadium complexes, the vanadium nuclei become increasingly shielded as the electronegativity of the ligand attached to the coordination center increases [3e]. 51 V NMR measurements are performed in order to clarify the substituent effect on the electronic environment of the vanadium species. The 51 V chemical shift of the nonsubstituted (phenylimido)vanadium(V) triethanolaminate 3b is detected at -327 ppm. In the 51 V NMR spectra of the (arylimido)vanadium(V) triethanolaminates, 51 V chemical shifts are observed at the lower field with increase of the electron-donating capability of the para-substituents (1b: -224 ppm, 2b: -292 ppm). On the contrary, the electron-withdrawing substituent, in which the nitrogen atom of the imido bond becomes more electronegative to increase 51 V nuclear shielding, causes the higher field shift (4b: -328 ppm). These results are consistent with those of the (arylimido)vanadium(V) trichlorides reported by Maatta and coworkers [3e] .
Structural characterization of the (arylimido)vanadium(V) triethanolaminates is demonstrated by single-crystal X-ray structure determination to elucidate the substituent effect on the imido structures ( Fig. 1) . The important bond lengths and angles are listed in Table 1 . The nonsubstituted (phenylimido)vanadium(V) triethanolaminate 3b reveals the imido structure with the V(1)-N(1) distance of 1.686(2) Å and the bent V(1)-N(1)-C(1) angle of 166.7(2)°, in which a monomeric structure with a pseudo-trigonal bipyramidal geometry at the metal center (τ = 0.99) [10] is observed ( Fig. 1c and Table 2 ). The vanadium atom is pulled out of the plane formed by triethanolaminate oxygen atoms in the direction of the imido nitrogen. The three equatorial vanadium-oxygen bond distances are statistically identical. Table 2 The structural parameter τ of 1a-3a, 5a, and 1b-4b.
T. MORIUCHI AND T. HIRAO
In the case of the (arylimido)vanadium(V) triethanolaminate 2b with the electron-donating methoxy group, linearity of the imido angle is increased [V(1)-N(1)-C(1), 172.8(2)°] although the V(1)-N(1) distance of 1.688(2) Å is equal to the one observed with 3b (Fig. 1b) . Furthermore, the imido angle is more straightened with the (arylimido)vanadium(V) triethanolaminate 1b bearing the dimethylamino group. The V(1)-N(1)-C(1) angles of 179.0(3) and 178.8(2)°with the V(1)-N(1) distances of 1.677(3) and 1.680(4) Å are observed in the crystal structure (Fig. 1a) . On the contrary, the introduction of the bromo group leads to the more bent imido bond (4b: V(1)-N(1)-C(1), 164.4(4)°; V(1)-N(1), 1.697(4) Å) than 3b (Fig. 1d) .
In the (arylimido)vanadium(V) triethanolaminates described in this paper, the structures of the triethanolamine moieties are almost the same and any notable difference is not observed in the V(1)-N(1) and C(1)-N(1) distances. It should be noted that the para-substituent of the aryl moiety is also found to affect the twist angle β defined as the angle between the least-squares planes of the benzene ring and the C(ipso)-imido bond ( Fig. 2 and Table 3 ) which is considered to correlate to the properties of the imido bond. An almost perpendicular twist angle β is observed in the case of the complexes with the π-conjugative electron-donating substituents [43.11(9) °and 101.82(9)°for 1b; 95.92(5)°for 2b]. However, the benzene rings of other (arylimido)vanadium(V) triethanolaminates are nearly parallel to the least-squares planes of the corresponding C(ipso)-imido bonds [8.35(6)°for 3b; 11.2(1)°for 4b]. The linear imido angle and the almost perpendicular twist angle β of the (arylimido)vanadium(V) triethanol aminate with the π-conjugating electron-donating substituent might be due to greater participation of the sp hybrid character in the nitrogen of the imido bond (Fig. 3) . The lone pair of electrons is likely to be localized in a nitrogen p-orbital, which is likely to interact with the metal π-acceptor orbitals and aryl π-orbitals. In contrast, the larger contribution of sp 2 hybrid character in the nitrogen of the imido bond is suggested because of the bent imido bond and the nearly parallel twist angle β in the case of the (arylimido)vanadium(V) triethanolaminate bearing no π-conjugating electron-donating substituent, wherein the filled imido π-orbital seems to interact with the aryl π-orbitals. Table 3 The twist angle β defined as the angle between the least-squares planes of the benzene ring and the C(ipso)-imido bond of 1b-4b. 

SELF-ASSOCIATION OF (ARYLIMIDO)VANADIUM(V) COMPOUNDS
Architectural control of transition-metal-directed assembly is one of the current research areas for creating organized nanostructures for advanced materials [11] . (Arylimido)vanadium(V) triisopropoxides are considered to dimerize through μ-oxo-bridging in the crystal states [3e,m]. The substituent effect on the self-association properties of (arylimido)vanadium(V) triisopropoxides is examined by singlecrystal X-ray structure determination (Fig. 4) . The important bond lengths and angles are listed in Table 4 . The solid-state imido structure of 2a bearing the electron-donating methoxy group is (1) angle of 177.3(2)°, suggesting the greater participation of the sp hybrid character in the nitrogen of the imido bond. Furthermore, a dimeric structure, in which each vanadium atom is coordinated in a trigonalbipyramidal geometry (τ = 0.96) with the imido and bridging isopropoxide ligands in the apical positions, is observed in the crystal packing (Fig. 4b) . The V (1) Table 4 Selected bond lengths (Å) and angles (deg.) for 1a-3a, 4c, and 5a.
The dimer complexes are also formed in the case of 1a bearing the electron-donating dimethylamino group and the nonsubstituted complex 3a in the crystals (Figs. 4a and 4c, respectively) . (1) and 1.674(1) Å for 3a] are equal to the one observed with 2a. In these (arylimido)vanadium(V) triisopropoxides, the greater participation of an sp-hybridized character in the nitrogen of the imido bond is suggested, resulting in the formation of the μ-oxo-bridged dimer complexes.
T. MORIUCHI AND T. HIRAO
The imido structure is considered to be an important factor to control the assembly. The imido nitrogen with the larger contribution of the sp 2 hybrid character could coordinate to another metal center by using a lone pair although such coordination is not possible with the greater participation of the sp hybrid character. The self-association is found to be controlled by the characteristics of the V-N imido bond, which depends on the difference in π-conjugation of the para-substituent on the benzene ring. It should be noted that the μ-imido-bridged dinuclear vanadium(IV) complex 4c, [V(μ-N-p-C 6 H 4 Br)(O i Pr) 2 ] 2 , is obtained in 83 % yield by recrystallization of the (arylimido)vanadium(V) triisopropoxide 4a, H 4 N)V(O i Pr) 3 ], which is initially formed by the reaction with 4-bromophenylisocyanate in 84 % yield. The lone pair on the nitrogen atom coordinates to the vanadium center to afford the cyclodivanadazene 4c. The single-crystal X-ray structure determination of the complex 4c, wherein two independent molecules exist in an asymmetric unit, reveals a dinuclear structure with two imido ligands bridging two V(O i Pr) 2 moieties. Each vanadium atom is coordinated in a distorted tetrahedral geometry as shown in Fig. 4d aminates is demonstrated by single-crystal X-ray structure determination to elucidate the substituent effect on the imido structures, in which the imido structures are found to be controlled through π-conjugation by the para-substituents of the aryl moieties. Also, the para-substituents of the aryl moieties are found to affect the electronic environment of the vanadium centers through π-conjugation, which is considered to control the electronic properties of the vanadium centers. Regulation of the redox properties of the vanadium centers is one of the key factors in the development of an efficient vanadium catalytic system [12] . Furthermore, the para-substituents of the aryl moieties is demonstrated to control the assembly of the (arylimido)vanadium(V) triisopropoxides to give the μ-oxo-bridged dimer complexes or the μ-imido-bridged dinuclear complex. The present architectural control of the dimensional structures is considered to be a useful approach to artificial organized metallic systems.
